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Abstract In a companion paper, the writers reviewed significant work done on active and semi-active
vibration control of structures performed in the past decade or so. In this paper, journal articles on
the hybrid vibration control of structures and control strategies, published during the same period,
are reviewed. They include hybrid mass dampers, semi-active base isolators, actuators with passive
dampers, and semi-active Tuned Liquid Column Dampers (TLCD) with passive dampers. A key element
in successful implementation of smart structure technology is an effective control algorithm to compute
themagnitudes of internal forces to be applied to the structure. Various improved or newcontrol strategies
developed for civil structures are reviewed in this paper. They include modified LQR and LQG, neural
network-based, fuzzy logic, sliding mode and wavelet-based controllers. Studies on optimum placement
of control devices are also summarized.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
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In the companion paper, the writers reviewed significant
work done on active and semi-active vibration control of
structures since 1997 [1]. As an extension of that article,
in this paper, journal articles on hybrid vibration control
of structures and control strategies, published since 1997,
are reviewed. Studies on optimum placement of control
devices are also summarized. The article ends with concluding
remarks.
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Hybrid control systems combine different passive, active
and semi-active systems with the goal of achieving improved
performance. These studies rely heavily on research performed
on active and semi-active control of structures reviewed in the
companion paper [1].
2.1. Hybrid mass dampers
Hybrid Mass Dampers (HMD) utilize an Active Tuned Mass
Damper (ATMD), also known as an Active Mass Driver (AMD)
alongwith passive dampers [2]. Nagashima et al. [3] discuss the
performance of an HMD system consisting of an electric linear
actuator and a gear-type pendulum. They installed two such
devices in an actual 36-story, steel-frame, high-rise building
with setbacks in Tokyo, Japan, using a variable gain feedback
controller. The variable gain feedback controller evaluates
a set of optimal gains, which include the response of the
structure and the forces exerted by the HMD’s, as a function
of a single variable used to determine the proper control
force to be applied to the structure. They performed forced
vibration tests before completion, using one of the HMD units
to apply sinusoidal excitation, and monitored the response of
the building during a typhoon in 1998. They report reductions
of 63% and 47% in maximum and Root Mean Squared (RMS)
accelerations of the top floor compared with the uncontrolled
structure.
Fujinami et al. [4] present the results of forced vibration
tests performed on an actual 100-m tall, 32 by 44.8-m in
plan, 23-story, steel-frame office building in Tokyo, fitted with
two HMD’s, consisting of a motor-driven pendulum AMD and
springs located on the top floor. Employing an H∞ controller
which uses performance indices that measure a maximum
sensitivity to achieve optimum control and robustness, the
authors conclude that theHMDsystem is effective at controlling
both the bending and torsional vibrations of the building.
Watakabe et al. [5] describe the efficacy of an HMD system
consisting of an AMD, linear springs and viscous dampers,
using a Linear Quadratic Regulator (LQR) controller installed
in an actual 154-m tall, 39-story, steel-frame building with a
typical floor plan measuring 19 m by 19 m located in the Chiba
Prefecture, Japan (Greater Tokyo Area). The authors studied
responses of the building under forced vibrations excited by the
HMD system itself, wind, and minor earthquake loadings. The
HMD system was found to reduce the top floor acceleration of
the building by a third.
Saito et al. [6] discuss the performance of an HMD system
integrated into an actual 50-story, 200-m tall steel-frame
structure with a 15 by 19.2-m rectangular plan, and a 45-story,
154-m tall, steel-frame structurewith an isosceles triangle plan,
with an indentation on one side. The system consists of two
HMD’s, each consisting of an AMD driven by a servomotor
mounted on rubber bearings, located on the top floor of each
building, and uses the LQR algorithm. Under sinusoidal forced
vibrations applied by an HMD and actual wind and minor
earthquake loadings, the hybrid system was found to reduce
RMS accelerations of the top floor in both buildings by 25% to
50%.
Nakamura et al. [7] describe two different HMD systems
installed in two actual 30.2- and 101.2-m tall steel-frame
buildings, and a 93.0-m tall, steel-frame building with concrete
filled columns located in Japan. The first system, installed in the
two shorter buildings, consists of an electric servomotor ATMD,
linear springs and viscous oil dampers, and uses a switchingphase fuzzy logic-based controller (which switches between
passive and active control cases). The second system uses a
linear-induction servomotor (an alternating current motor that
produces linear force instead of torque) ATMD, linear springs
and viscous oil dampers with an H∞ controller. When the
required control force to be applied exceeds the capacity of
the servomotor ATMD, the system switches to a passive mode
and acts as a Tuned Mass Damper (TMD) system. The buildings
were subjected to actual moderate wind andminor earthquake
loadings during service. The authors reported a significant
reduction in the response of the structures.
2.2. Semi-active control of base isolation systems
The original idea for a base isolation system, a passive vi-
bration control system, was invented in the early 20th century.
A US patent was issued for a claimed base isolated system by a
German engineer in 1906. Practical base isolation systemswere
developed in the 1970s, initially inNewZealand and then in Cal-
ifornia and Japan [8]. The early base isolation systems in New
Zealand were all in bridges. The first base-isolated building in
the USwas a 4-story buildingwith 98 isolators built in Southern
California in 1985, and the first such building in Japan was built
a year later [9]. As such, it took several decades for this idea to
go from conception to implementation.While the base isolation
system is an important concept in earthquake-resistant design,
it can also be used for limited situations. It is not suitable for
structures with long fundamental periods of vibration, such as
highrise buildings. Consequently, some researchers have pro-
posed hybrid systems by integrating a base isolation system
with an active or semi-active control system.
Lee-Glauser et al. [10] compare three different systems for
controlling a structure subjected to earthquake loadings: pas-
sive rubber bearing base isolators, theoretical active vibration
absorbers, and integrated passive base isolators and theoretical
active vibration absorbers. The theoretical vibration absorber is
a generic control device that is very similar to an ATMD. Using
a two-dimensional (2D), three-story frame excited by the 1940
El Centro and 1985 Mexico City earthquakes, the authors found
that passive and hybrid base isolation schemes further reduced
the top floor acceleration of the structure during a broadband
earthquake (El Centro), while the active strategy further re-
duced the top floor accelerations during the narrow-bandMex-
ico City earthquake.
Zhang and Iwan [11] investigate the efficacy of using a
tuned interaction damper for controlling a 2D, five-story, base-
isolated steel frame subjected to the 1992 Landers, Califor-
nia, 1994 Northridge, California, 1995 Hanshin, Japan, 1999
Izmir, Turkey, and 1999 Chi–Chi, Taiwan, near-field earth-
quakes. A tuned interaction damper is comprised of an aux-
iliary structure, which is modeled much like a TMD, and
an interaction element, which is in essence a semi-active
vibration absorber. The authors use a heuristic switching
phase control algorithm and consider three systems: low vis-
cous base dampers, high viscous base dampers and low vis-
cous dampers, with a tuned interaction damper connect-
ing the base of the frame to the ground. They found the
hybrid tuned interaction damper system to be effective at re-
ducing base drift, using limited power. Iemura and Pradono [12]
discuss a retrofitting strategy for the 640-m long, cable-stayed
Tempozan Bridge, in Japan, to reduce the response of the struc-
ture under seismic loadings. They propose replacing the fixed-
hinge connections between the bases of the two A-shaped
towers and deck with a base-isolated one incorporating vari-
able slip dampers.
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friction controller ’’, which uses semi-active electromagnetic
friction dampers. The proposed systemattempts to preserve the
slippingphasemotion of the dampers, since energy is dissipated
in this phase, while eliminating acceleration spikes that occur
when the damper goes froma slipping phase to a sticking phase.
The authors present two examples, with the first being a 2D,
five-story, fixed-base, isolated frame with laminated rubber
bearings, and with a semi-active electromagnetic friction
damper connecting the base of the structure to the ground.
The second example is a three-story, non base-isolated building
with either a passive friction damper on each floor (passive
case) or semi-active electromagnetic friction dampers on each
floor (semi-active case). Both examples were subjected to a
series of near-field and far-field earthquakes. When compared
to the strictly passive and semi-active cases for both models,
the hybrid system using the boundary layer semi-active friction
control strategy was found to be superior at controlling the
motion of the structures.
Gavin et al. [14] evaluate the performance of a three-
dimensional (3D) six-story, base-isolated building with three
different control systems: lead rubber bearings only, lead
rubber bearings with supplemental viscous dampers, and lead
rubber bearingswith four semi-active stiffness dampers (see [1]
for a description). Lead rubber bearings were situated under
all columns, and semi-active dampers were located on each
side of the square base of the structure. Using a Lyapunov-
based controller, each system was subjected to the motions of
the 1940 El Centro, 1979 Imperial Valley, California, and the
1994 Northridge earthquakes. They concluded that the hybrid
system is themost effective for the seismic loadings considered,
decreasing isolation drift up to 60%. Additionally, they studied
the effect of time lag (the lag in time between when a force is
calculated andwhen it is actually applied) on the hybrid control
and found that varying the time lag between 0.01 and 0.1 s had
no significant effect on the measured base displacement and
base shear force.
Madden et al. [15] use a semi-active stiffness damper
system [16], referred to as an adaptive fluid damper by the
authors, to decrease bearing displacement of a 2D sliding base-
isolated frame under earthquake motions. Wongprasert and
Symans [17] present the results of an experimental study
on hybrid control of a 2D, 1:4 scale, three-story, theoretical
steel building model mounted on a uni-axial shaking table,
with the base isolation system consisting of four low-damping
rubber bearings (one under each corner) subjected to 1940 El
Centro, 1952 Kern County, California, and 1971 San Fernando,
California, earthquakes. Fuzzy logic [18–23] and H∞ control
algorithms were used to control the two variable orifice liquid
dampers connecting the base of the structure to the ground.
The authors conclude that the hybrid base-isolated system
performs better than the passive isolated system at controlling
the response under seismic excitation.
Sahasrabudhe and Nagarajaiah [24] study the effectiveness
of an MR damper in mitigating the response of base-isolated
buildings subjected to the 1940 El Centro, 1994 Northridge
and 1995 Kobe earthquakes. A 1:5 scale, two-story, sliding
isolated, building model, measuring 1.47 by 1.48 m at the base
and 0.74 m high was used for numerical and experimental
shaking table analyses. The MR damper connected the base of
themodel to the ground and a Lyapunov-based control strategy
was used. The authors reported that MR dampers reduced base
displacements up to 31% more than MR dampers in the passive
mode.Lee and Kawashima [25] use actuators to mitigate seismic
forces in isolated bridges. They used a 200-m long, 12-m wide,
five-span viaduct based on Japanese Design Specifications of
Highway Bridges with five high-damping isolators per column,
along with one actuator per column, placed between the deck
and the column. Using an LQR optimal control algorithm,
they reported a significant reduction in the response of the
bridge structure subjected to 1995 Kobe and 1999 Chi–Chi
earthquakes. Research on hybrid base-isolation systems has
also been reported by Jalihal and Utku [26] and Gavin and
Aldemir [27].
Commercial buildings often have expensive and crucial
equipment, such as electronics and manufacturing machin-
ery, that are very sensitive to motion and can be damaged by
excessive vibration caused by earthquakes. Semi-active con-
trol and base isolation systems can also be used to protect
equipment, rather than the building itself. Gavin and Zai-
cenco [28] investigate the efficacy of semi-active isolating con-
trol systems for protecting equipment during seismic events.
They report that the hybrid system reduces peak response ac-
celerations by 30% to 60% more than passive isolation systems.
2.3. Actuators and passive dampers
Kurata et al. [29,30] appear to be the first to outfit an
actual building with actuators in a hybrid actuator-damping
system. A 19-m tall, 11.8 by 24m in plan, five-story, steel-frame
office building was equipped with eight hydraulic actuators in
steel cross bracings (two per story) and an additional passive
elasto-plastic steel damper per story. First, a model of the
structurewas subjected tomotion from four earthquakes: 1952
Taft, California, 1940 El Centro, 1968 Hachinohe, and 1976
Tokai, Japan. Then, dynamic loading tests were carried out
using an exciter that applied varying forces from two to 16
kN to the structure. Results from both tests showed that the
hybrid actuator-damper systemwas an effective way to reduce
the response of a building during an earthquake. Kurata and
Kobori [31] later tested this system to see how dependable
it was in the event of a power failure. The power was cut
to the control system, leaving the actuators to act as passive
dampers, and the building was subjected to a series of dynamic
load tests and forced vibration tests. Results showed that the
actuators in passivemodewere partially effective at controlling
the response of the structure to seismic loads, and proved that
this hybrid system, even acting in ‘‘fail-safe’’ mode with no
power, was still a reliable method for mitigating seismic forces.
Additionally, the system was tested by an actual seismic event
on May 7, 1999, when a 4.9 magnitude earthquake occurred.
The hybrid system performed well at controlling the vibration
of the structure during the earthquake.
2.4. Semi-active tuned liquid column damper with passive
dampers
Kim and Adeli [32] present a hybrid control system
consisting of a passive supplementary damping system and a
semi-active Tuned Liquid Column Damper (TLCD) system as
described in the companion paper [1]. The system utilizes the
advantages of both passive and semi-active control systems,
thereby improving the overall performance, reliability, and
operability of the control system during normal operations,
as well as a power or computer failure. The authors evaluate
the effectiveness and robustness of the hybrid damper-
TLCD system in reducing vibrations under various seismic
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control algorithm [33], as will be described later. Kim and
Adeli [34] investigate control of irregular highrise building
structures under various seismic excitations, using the hybrid
control system and the same wavelet-based optimal control
algorithm. Simulation results for control of two multistory
moment-resisting space steel structures with vertical and
plan irregularities show clearly that the hybrid damper-TLCD
control system, with the new control algorithm, significantly
reduces responses of irregular buildings subjected to various
earthquake groundmotions, aswell as increasing reliability and
maximum operability during power failure.
Kim and Adeli [35] investigate vibration control of a
benchmark 76-story building [36] excited by wind loads, with
a hybrid semi-active TLCD and passive viscous damper control
system located on the roof. They showed that the hybrid TLCD
system is comparable to an ATMD system in terms of vibration
suppression, and is more reliable due to its minimal operating
requirements. Additionally, the hybrid system was found to
be more effective at controlling high-rise building vibrations
caused by wind forces, than a semi-active TLCD acting alone.
2.5. Other systems
Suhardjo and Kareem [37] analyzed the control effects of
TMD, ATMD, active tendons, propeller thrusters (propellers
mounted underwater on the structure) and their combinations
on jacket-type offshore oil platforms subjected to wave
loadings. The 2Dmodel rigs were placed in water depths of 700
and 1150 ft and analyzed using an H2 controller. The authors
found the TMD-thruster combination to be the most effective.
3. Control strategies
A key element in successful implementation of smart
structure technology is an effective control algorithm to
compute the magnitude of internal forces to be applied to the
structure. Important civil structures are large and complex,
and external dynamic loadings are unknown and varied. An
effective control algorithm has to be robust and function
under various dynamic conditions. Early attempts on structural
control were based on the use of existing control algorithms,
such as the LQR and LQG controllers developed in other
fields, such as aerospace engineering [38–43]. In recent years,
however, research has shifted to modifying the existing control
algorithms or developing new algorithms to suit the complex
nature of civil structures. These attempts are reviewed in this
section.
3.1. LQR
The LQR algorithm is one of the most commonly-used
methods to solve optimal control problems [44]. Optimum
control forces are found by minimizing a cost function. In the
case of structural control, the cost function often refers to the
acceptable levels of displacement and story accelerations in
the structure. Weighted parameters are included in the cost
function to set these limits and aid in the optimization of the
controller. LQR was the most popular control algorithm when
research in the area of structural control started and continued
to be so until recently [45,46]. A number of modifications have
been proposed to the traditional LQR algorithm to increase its
effectiveness for civil structures.
Guoping and Jinzhi [47] discuss an LQR algorithm that takes
into account time-delay to control an active bracing systemin a 2D, three-story frame subjected to the 1940 El Centro
earthquake. Ma and Yang [48] present an adaptive LQR-based
feedback–feedforward controller, which continuously modifies
the control gain throughout a seismic event, using a random
value from a set of pre-calculated gains as a starting point.
Each random gain stored in the control system is tested to find
the one that gives the smallest cost, which is then modified
based on the input value from the event, and the process is
repeated. The authors apply this control strategy to a 2D five-
story frame fitted with active tendons, subjected to 1995 Kobe
and 1979 Imperial Valley earthquakes, and report the improved
performance compared with a traditional LQR algorithm.
Sadek and Mohraz [49] compare the efficacy of LQR, gener-
alized LQR, and displacement-acceleration domain controllers
on simple, Single-Degree-Of-Freedom (SDOF) and Multiple-
Degree-Of-Freedom (MDOF) models, using variable stiffness
dampers subjected to 1951 Northwest California, 1957 San
Francisco, California, 1935 Helena, Montana, 1966 Parkfield,
California, 1971 San Fernando, 1989 Loma Prieta, California,
and 1994 Northridge earthquakes. The generalized LQR incor-
porates a generalized cost function and an imposed penalty on
the absolute acceleration of the structure. The displacement-
acceleration domain controller is a refinement of the bang-bang
control strategy, which switches rapidly between two extreme
states (i.e. on or off) and does not operate between the two
bounds. The authors found that the generalized LQR controller
further reducedmaximumdisplacement and acceleration of the
models by 12% and 31%, respectively, compared with the other
two control strategies.
Djajakedukma et al. [50] propose a modified LQR control
strategy by including integral and feedforward control terms
and compare them with Lyapunov-based, sliding mode (de-
scribed later) and conventional LQR control algorithms. They
apply it to a 35-m tall, one-bay by two-bay, five-story steel
model equipped with semi-active stiffness damper under the
1995 Kobe, 1994 Northridge, 1940 El Centro and 1968 Hachi-
nohe earthquakes, and report an improved performance. Mei
et al. [51] compare a model predictive control scheme which
uses a prediction model of the system response to minimize an
objective function and determine the proper control force with
the LQR scheme for controlling the vibrations of a benchmark
76-story building employing an ATMD [36] excited by wind
loads. They report a reduction in RMS acceleration of the top
floor of 43% compared with the conventional LQR. Alavinasab
et al. [52] incorporate an energy balance in the LQR algorithm
for control of an active tendon system. They report improved
performance compared with that of a standard LQR controller,
for reducing the response of a 2D, 1:5 scale, three-story frame
equipped with 1-kN actuators in active tendons placed in the
first and third stories subjected to the 1940 El Centro, 1968
Hachinohe and 1952 Taft earthquakes.
Aldemir [53] presents a simple integral type quadratic
functional as the performance index for the LQR algorithm, and
derives a control policy through minimization of the proposed
performance index between successive control instants. They
apply the control strategy to seismically excited linear lumped
mass shear frame structures equipped with active tendon
actuators.
3.2. LQG
The LQG controller combines a linear quadratic estimator
with a linear quadratic regulator. It was originally intended for
systemsdisturbedbywhiteGaussiannoise. Lu et al. [54] present
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to control the response of 2D structures under seismic loading.
Loop-transfer-recovery involves the use of the Kalman Filter
to recover internal stability. Wang [55] uses a modified LQG
control algorithm with adjustable relative stability and a gain
parameter to control benchmark earthquake andwind building
structures presented by Yang et al. [36], and report improved
performance.
3.3. Neural network controllers
A number of authors have reported the development and
application of neural network-based [56–94] or other adap-
tive/intelligent control algorithms for active linear/nonlinear
control of mostly small structural systems. Ghaboussi and
Joghataie [95] first use a neural network-based emulator to
identify the response of a three-story, 2D frame structure. Then
a neural network-based controller is trained using the emula-
tor for linear control of the structure. Structural displacement
and acceleration responses during the previous two time steps
and actuator electric signals during the previous three time
steps are used as inputs to the neural network model. Bani-
Hani and Ghaboussi [96] extended the neural network-based
algorithm for nonlinear control of a benchmark, three-story, 2D
frame structure considering material nonlinearity, and report
adequate accuracy for active control of such small 2D frame
structures.
Hung et al. [97] present an adaptive controller, using neu-
ral networks with a pulse control strategy, which adjusts the
applied control pulse force so that there is no carry over from
the previous time step to the current time step. They demon-
strated the effectiveness of the control strategy by applying it to
simple 2D SDOF and MDOF models, using active tendons sub-
jected to 1940 El Centro and 1971 San Fernando earthquakes.
Brown and Yang [98] propose using neural networks to predict
performance variables, such as applied force and displace-
ments, to improve the efficiency of an active control system uti-
lizing actuators on a simple lumped-mass shear-beam model.
Liut et al. [99], Kim et al. [100], Kim and Lee [101], Madan [102],
Xu et al. [103], and Wang and Liao [104] have also conducted
research on the use of neural networks for active structural
control.
3.4. Fuzzy logic control
A Fuzzy Logic Controller (FLC) is based on fuzzy logic,
a mathematical approach that uses logical variables with
continuous values, as opposed to classical logic, which operates
on discrete values of either 0 (false) or 1 (true) [105–118]. In the
input stage, the sensor data are mapped to the values obtained
from a membership function (a triangular, trapezoidal or bell-
shaped function). The processing stage consists of a number
of if-then logic rules. Zhou et al. [119] present an FLC with an
adaptation law dealing with the closed-loop dynamics of the
structural system, usingMRdampers for control of simple SDOF
and MDOF systems. Al-Dawod et al. [120] report that the FLC
is adequate for controlling 3-story and 20-story benchmark 2D
building models, employing actuators, and subjected to 1940
El Centro, 1968 Hachinohe, 1994 Northridge, and 1995 Kobe
earthquakes.
Ahlawat and Ramaswamy [121,122] present an FLC that
uses a Genetic Algorithm (GA) [123–129] for multi-objective
minimization of the peak acceleration and interstory drift to
control the benchmark building structures proposed by Yanget al. [36], under seismic andwind loads. Kim and Roschke [130]
compare an FLC, using multi-objective GA optimization of
control parameters with skyhook (a controller that applies
a control force only when the force and velocity have the
same sign) and ‘‘human-designed fuzzy logic’’ (designed by a
human expert) controllers, for controlling the response of a
single, 24,000 kg mass resting on four friction pendulum base
isolators, and employing a 300 kN MR damper. They subjected
the laboratory model to the motion of the 1940 El Centro,
1995 Kobe and 1994 Northridge earthquakes, finding that the
proposed controller reduced structural acceleration and base
drifts up to 45% and 33% more than other control methods.
Teng et al. [131], Choi et al. [132], Samali et al. [133], Atray
and Roschke [134], and Nomura et al. [135] also report on the
application of the FLC as a control strategy.
Kim et al. [115] propose aMulti-Input,Multi-Output (MIMO)
semiactive fuzzy controller for vibration control of seismically
excited small scale buildings through integration of a set of
model-based fuzzy controllers. They apply it to an eight-story
building structure equipped with MR dampers.
3.5. Sliding mode controllers
Sliding Mode Control (SMC) is a control strategy that uses
high frequency switching to provide control [136]. The con-
troller switches from one control law to the next ‘‘sliding’’
along the boundaries of the control strategies. Wu [137] pro-
poses a modified SMC using acceleration feedback, and per-
forms shaking table tests on a 4.5 m by 3 m in plan, 9-m tall
steel structure model, with active bracing and hydraulic actua-
tors subjected to 1940 El Centro and 1995 Kobe earthquakes.
Wu and Yang [138] use a modified SMC method that uses
a prefilter to methodically modulate the control force to re-
duce the vibrations of the 76-story benchmark building with an
ATMD device. Kim and Yun [139], Lee et al. [140], Zuo and Slo-
tine [141], and Wang and Lin [142] have also done research on
the use of SMC for vibration control of structures.
3.6. Wavelet-based control algorithm
Classical feedback control algorithms, such as the LQR and
LQG algorithms [143–147], have been used for structural con-
trol problems over the past three decades. These algorithms are
among the most popular optimal feedback control algorithms
mainly due to their simplicity and ease of implementation. Even
though they can be used to reduce vibrations, they suffer from
a number of fundamental shortcomings, such as being suscep-
tible to parameter uncertainty and modeling error [148–150],
and failing to suppress vibrations when the frequency of the
external disturbance differs even slightly from the natural fre-
quencies of the structure. Kim and Adeli [151] developed novel
control algorithms to overcome the limitations of classical feed-
back control algorithms. They present a hybrid feedback, Least
Mean Square (LMS) algorithm, for the vibration control of struc-
tures through integration of a feedback control algorithm, such
as the LQR or LQG algorithm and the filtered-x LMS algorithm.
It is shown that the hybrid feedback-LMS algorithm minimizes
vibrations over the entire frequency range and, thus is less sus-
ceptible to modeling error and inherently more stable.
Wavelets have been used in a number of fields, such as
earthquake signal processing [152], intelligent transportation
systems [153–161], health monitoring of structures [162,163],
image processing [164] and biomedical engineering [165–174].
Adeli and Kim [33] introduced the concept of wavelets for
290 N.R. Fisco, H. Adeli / Scientia Iranica, Transactions A: Civil Engineering 18 (2011) 285–295vibration control of structures for the first time. They present a
newwavelet-hybrid feedback LMS algorithm for robust control
of civil structures through adroit integration of a feedback
control algorithm, such as the LQR or LQG algorithm, the
filtered-x Least Mean Square (LMS) algorithm and wavelets.
The new wavelet-based control algorithm has the following
advantages: (a) It includes the external excitation term in its
formulation, (b) It is capable of suppressing vibrations over a
range of input excitation frequencies, (c) It is less susceptible
to structuralmodeling approximations and errors than classical
feedback algorithms, (d) It is effective for control of both steady-
state and transient vibrations, and (e) It uses wavelet transform
for stable updating of the coefficients of the adaptive filter in
the control algorithm.
Kim and Adeli [175] present active vibration control of
cable-stayed bridges under various seismic excitations using
the aforementioned wavelet-based control algorithm (for a
review of computational earthquake engineering of bridges,
see [176]). They present performance results for a benchmark
cable-stayed problem. Simulation results demonstrate that
the new algorithm is more effective than the LQG controller,
using the El Centro, California (1940), Mexico City (1985), and
Gebze, Turkey (1999) earthquake records. Based on a sensitivity
study, they conclude that the algorithm is robust against the
uncertainties existing in modeling structures.
In the great majority of papers on active structural control,
structures are assumed to behave linearly. Recently, Jiang
and Adeli [177] presented a new nonlinear control model
for active control of 3D building structures, through the
adroit integration of two soft computing techniques: neural
networks and fuzzy logic, and wavelets. They included both
geometrical and material nonlinearities and two dynamic
coupling actions in the structural control formulation: coupling
between lateral and torsional motions of the structure, and
coupling between the actuator and the structure. A dynamic
fuzzy wavelet neuroemulator is presented for predicting the
structural response in future time steps and is validated
using two irregular 3D steel building structures, a twelve-
story structure with vertical setbacks, and an eight-story
structure with plan irregularity. They show that the proposed
neuroemulator provides an accurate prediction of structural
displacement responses; a requirement in neural network
models for active control of structures. Jiang and Adeli [178]
present a floating-point GA [179] for finding the optimal
control forces needed for active nonlinear control of building
structures using the aforementioned dynamic fuzzy wavelet
neuroemulator. They point out that the control algorithm does
not need the pre-training required in a neural network-based
controller, which significantly improves the efficiency of the
general control methodology. The authors report significant
reductions in the displacements of multi-story buildings with
plan and elevation irregularities, subjected to various seismic
excitations.
3.7. Other strategies
Sureau and Smith [180] investigate the use of a time-domain
control algorithm that calculates and applies a control force,
which takes into account the response of the structure and the
predicted external loads to be applied in the following step.
They apply this algorithm to simple SDOF and MDOF models
subjected to the 1940 El Centro earthquake, finding it to be
comparable to the LQR controller.
Hwang et al. [181] present a probabilistic control algorithm
where control force is determined by ‘‘the probability that thestructural energy exceeds a specified target critical energy’’, and a
Lyapunov-based controller is used to determine the direction of
the control force. They apply this strategy to a single bay, three-
story, 1.2-m tall steel frame equippedwith an AMD subjected to
the scaled 1940 El Centro earthquake and Gaussian white noise
excitation, with ‘‘significant response reduction’’ observed.
Cao and Li [182] present a control algorithm based on
linear feedback control that does not require solving the
Riccati equation to control the response of the Nanjing TV
transmission Tower [183], and found it to better than the
LQR control algorithm. Wong [184,185] proposes a predictive
optimal linear control algorithm for controlling the seismic
response of 2D structures that takes into account time delay.
Cho et al. [186] discuss a modal control scheme, which only
controls a few select vibration modes of a structure and find
it to be effective for controlling the vibrations of a six-story
frame fitted with four MR dampers and excited by the 1940 El
Centro earthquake. Min et al. [187] propose a nonlinear modal
control algorithm that modifies the dynamic characteristics of
a specific vibrational mode, and find it to be comparable to the
LQG controller for controlling the 76-story benchmark building
presented by Yang et al. [36] while requiring a smaller peak
control force.
4. Optimum placement of control devices
A number of researchers have studied optimum placement
of sensors and control devices in order to maximize their
effectiveness. Brown et al. [188] present a multi-objective LQG
methodology based on Pareto optimal controllers, to determine
control parameters. Pareto controllers allow one constraint to
be minimized, such as controller force, while keeping others
between set limits and make use of trade-off curves to ensure
parameters are in a feasible range. The authors used a 2D
shear frame model subjected to earthquake and wind loadings
to test this placement strategy. They concluded that actuator
placement is much more important than sensor placement and
the number and location of actuators depends on the properties
and configurations of the structure.
Liu et al. [189] use simulated annealing to determine the
optimal placement of actuators for a 2D, ten-meter long ninety
member truss. Lu and Skelton [190] discuss a method for
determining the optimal active and passive parameters of a
hybrid control system, using the so-called ‘‘mixed H2/H∞’’
control algorithm for 2D frames under earthquake loadings. Liu
et al. [191], Li et al. [192], Lu et al. [193], and Li et al. [194] also
use GA to determine the optimal placement of control devices.
5. Concluding remarks
This paper and the companion paper [1] provided a state-
of-the-art review of significant work done in the field of
smart structures since 1997. The emphasis of the review is
on papers leaning towards practical side of technology. There
are many other papers in the literature on structural control
that deal with beams and other academic problems. The great
majority of the papers present computational models and
simulation results. The implementations in actual structures
are in 10 highrise buildings all built in greater Tokyo, Japan,
and one bridge structure built in Oklahoma using intelligent
stiffeners [195]. The last item appeared to be for the purpose of
testing the system only. The great majority of papers consider
earthquake motion as the main source of excitation, while a
number of themdeal withwind loadings, a dozen consider both
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other loadings, such as traffic and waves. Only one article
presents active vibration control under blast loading [196].
Most work done in recent years has centered on semi-active
and hybrid control systems. There has been emphasis on the
use of MR dampers, piezoelectric actuators and semi-active
and hybrid TLCDs, due to their effectiveness, robustness and
minimal operating requirements. In regard to control strategies,
early attempts on structural control were based on the use of
existing control algorithms, such as LQR and LQG developed in
other fields; for instance aerospace engineering. In recent years,
however, research has shifted to modifying existing control
algorithms, developing adaptive/intelligent control algorithms
using soft computing techniques (neural networks, GA, and
fuzzy logic), or creating new control algorithms, specifically for
control of civil structures, such as the wavelet-based control
algorithm of Adeli and Kim [33].
Where is the research on smart structure technology
performed? Most researchers are concentrated in the US, the
Far East (Japan, in particular, Taiwan, China and Korea) and,
to a lesser extent, Europe (Italy, Greece, UK and Switzerland).
The Japanese are ahead in terms of actual implementation
of the technology. Major research in the US is done at a
dozen universities (in alphabetical order): University at Buffalo,
California Institute of Technology, University of California
at Irvine, Duke University, University of Illinois at Urbana,
University of Notre Dame, The Ohio State University, Rice
University, RPI, University of Southern California, Texas A&M
University and Washington University.
It took some eight decades for base isolation technology
to move from conception to implementation in a building in
Southern California in 1985. It took more than three decades
for the TMD system to become reality in 2000, but it took only
about a decade for the passive TLCD system to be implemented
in an actual building. Smart structure technology has already
been implemented in a number of highrise buildings in Japan,
and one bridge in the US, at least for the purpose of field
testing. With additional research, both computational and
experimental, this innovative technology should penetrate the
construction industry in the coming decades. If the trend is
any indication, one can hope the transfer of technology will
be on a steeper curve from here on. The writers hope these
review articles will encourage further research in this area of
high technology.
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